ABSTRACT. Sea-ice melting processes were inferred from in situ sea-ice and ocean condition data obtained in the Arctic in summer 2006 and 2007. The relationship between ice concentration observed by on-board ice watches and water temperature showed negative correlations. This implies that as ice concentration decreases, the upper ocean becomes warmer due to greater absorption of solar radiation into open water, which promotes ice melting. However, heating of surface water is significant even in regions that were almost completely ice-covered, suggesting that transmitted solar radiation through the ice is also effective at melting sea ice. A simplified ice-upper-ocean coupled model was applied to examine the effect of heat input from open water, thick ice and thin ice. The ponded thin ice is estimated to transmit approximately three times more solar radiation than ponded thick ice. Model results suggest that transmission of solar radiation through ponded ice amplified the ice-albedo feedback mechanism, particularly in thin ice regions. Recently, the extent of old and thick multi-year ice in the Arctic Ocean has been rapidly reduced. As a result, heat input to the upper ocean through the ice is enhanced and ice melt is further accelerated.
INTRODUCTION
Over the past few decades, Arctic sea-ice cover has decreased dramatically (Comiso and others, 2008) . In September 2007 it reached a record minimum of 37% less than the climatological average over . The extent of summer Arctic sea-ice cover is a sensitive indicator of climate change, and is also a potential amplifier of climate change through the ice-albedo feedback mechanism, resulting from the contrast between the albedo of sea ice and open water. Solar radiation is the dominant energy source driving seaice melting during the summer. Perovich and others (2007) examined satellite-derived ice concentrations and solar radiation, determined from reanalysis data, to show that decreases in sea-ice extent led to an increase in the amount of solar energy absorbed in the upper ocean, in turn accelerating sea-ice decay through ice-albedo feedback. The disposition of incoming solar radiation within sea ice and the upper ocean is critical to the heat and mass balance of sea ice. The heat balance of the ice-upper-ocean coupled system has been examined by simple ice-ocean coupled models (e.g. Steele, 1992; Ebert and others, 1995) . However, there have been few observational studies examining the ice-upper-ocean coupled system of the Arctic Ocean. Inoue and others (2008) suggested that the relationship between ice concentration and upper ocean temperature is a good indicator for evaluating the heat balance of solar heat input, sea-ice melting, and heat storage in the ocean mixed layer, by observing the ice and ocean from icebreakers. In summer 2007, ice mass-balance observation demonstrated that there was an extraordinarily large amount of bottom melting of ice in the Canada Basin and that solar heating of the upper ocean was the primary heat source (Perovich and others, 2008) . While much of the solar radiation transmitted to the ocean is through open water, a substantial portion is also transmitted through ponded ice. Perovich (2005) and Inoue and others (2008) suggested that there was an effect of solar radiation transmittance through ponded ice on sea-ice melting, based on the year-long drift of the ice station SHEBA (Surface Heat Budget of the Arctic Ocean) in 1998 and on trans-Arctic cruises conducted by the US Coast Guard Cutter (USCGC) Healy in 2005. Further reductions in summer sea-ice extent have continued since these observations were made. Additionally, thick and old ice has decreased rapidly (Maslanik and others, 2007) . Transmitted solar radiation through the ice may be enhanced because of decreasing average sea-ice thickness in the Arctic Ocean. To understand the sea-ice melting process under recent reduced-ice conditions, additional in situ ice and ocean observations are needed.
We observed sea-ice cover and upper ocean conditions from icebreakers in the Arctic Ocean (Fig. 1) . From August to September 2006 and from July to August 2007, the Canadian Coast Guard Ship (CCGS) Louis S. St-Laurent operated in the Canada Basin. From July to September 2007, the Research Vessel (R/V) Polarstern operated in the eastern Arctic Ocean. The purpose of this study was to describe sea-ice melting processes, based on ice and ocean conditions data, obtained during the summer from icebreakers in the Arctic, and to compare these results with those of a simple ice-upperocean coupled model.
OBSERVATIONS
The CCGS Louis S. St-Laurent operated in the Canada Basin from the beginning of August until mid-September 2006 and from the end of July until the end of August 2007 (hereafter, we call these cruises LSSL2006 and LSSL2007, respectively). From the end of July until the end of September 2007, the German R/V Polarstern operated in the eastern Arctic Ocean (hereafter PS2007). The cruise routes of LSSL2006, LSSL2007 and PS2007 are shown in Figure 1 , superimposed on satellite images of sea-ice concentrations.
Temperature and salinity data obtained from conductivity-temperature-depth (CTD) units and expendable CTD (XCTD) were used in this study. Visual observations of seaice cover were made, according to the methods of Worby and others (1999) , from the bridge while the ship was moving through the ice (Fig. 2) . For each visual observation, we estimated ice concentration, ice type and ice thickness. Time intervals for each parameter are listed in Table 1 . In this In addition to the ship-based data, ice and ocean data obtained from ice mass-balance buoys (IMBs) and icetethered profilers (ITPs) were used. Observations of the ice surface and bottom melt were made using autonomous IMBs (D.K. Perovich and others, http://imb.crrel.usace.army.mil) that drifted with the ice pack. ITPs, which collected temperature and salinity profiles beneath the ice to 800 m (Krishfield and others, 2008) , were also deployed. Here, ocean and ice data were examined using ITPs (ITP3, ITP6, ITP13, ITP18) and co-located IMBs (IMB2005B, IMB2006C, IMB2007E, IMB2007F) in the Canada Basin during the melting seasons in 2006, 2007 and 2008 (Fig. 1) . Figures 3-5 show the distribution of the observed ice and ocean characteristics along the cruise routes of PS2007, LSSL2006 and LSSL2007, respectively. Temperature and salinity were approximately uniform from near the surface to depths of 10-25 m (data not shown). Thus, we used the average temperature and salinity from 8 to 12 m as the surface mixed-layer temperature and salinity. Temperature above the freezing point of local sea water (ÁT) is a good indicator of how much the upper ocean is heated by solar radiation, particularly in areas where salinity is not horizontally uniform.
ICE AND OCEAN CONDITIONS
The temperature was typically above freezing even in regions that were almost completely ice-covered (>90% cover), as shown in 
RELATIONSHIPS BETWEEN ICE CONCENTRATION AND WATER TEMPERATURE
The relationship between ice concentration and temperature is a consequence of heat balance in the ice-upper-ocean coupled system, maintained by solar radiation, sea-ice melting, and heat storage in the ocean mixed layer (Ohshima and others, 1998; Inoue and others, 2008) . Here we describe the relationships between ice concentrations observed by on-board ice watch and upper ocean temperatures obtained by CTD and XCTD observation. Because local heat balances in the ice-upper-ocean system hold over 20-30 km spatial scales (Ohshima and others, 1998; Nihashi and others, 2005) , ice and ocean data in areas where the ice concentration was >50% were averaged to a 25 km spatial running mean. We refer to PS2007 and LSSL2006 as cases I and II, respectively. We divided the stations of LSSL2007 into two areas, because sea-ice thickness and the relationship between ice concentration and temperature in the southern Canada Basin were very different from those in the northern Canada Basin. We refer to the thick multi-year ice (MYI) region (ice thickness h = 1.2 m) and the thin first-year ice (FYI) region (h = 0.7 m) as cases III and IV, respectively. During LSSL2007, ÁT was very high in the open-water and marginal-ice regions of the southern Canada Basin. Additionally, the ÁT from 6 to 11 August in the southern Canada Basin along 1508 W below 788 N was higher than that from 11 to 19 August in the northern Canada Basin above 788 N, although the ice concentration remained high (80-90%) from 6 to 19 August. In the former region, ice thickness was relatively low (<1 m) and the fraction of MYI was almost zero (see Fig. 2a ). As these stations are 100-1000 km from the ice margin, heat advection from open-water areas is not a reasonable explanation. Figure 6 shows the ice-concentration (A i )-ÁT plots (hereinafter CT plots) during August for cases I-IV. In all cases, ÁT increased as the ice concentration decreased, consistent with results obtained from Antarctic cruises off Syowa station (Ohshima and others, 1998) and in the Ross Sea (Nihashi and others, 2005) , and Arctic cruises in the Canada Basin (Inoue and others, 2008) . This indicates that as ice concentration decreases, ÁT increases due to the greater absorption of solar radiation into open water (ice-albedo feedback). Correlation coefficients between ÁT and 1/A i for cases I-III were above the 99% confidence level for significance. If heat advection from open water outside the ice edge, vertical heat flux from below the mixed layer, and transmittance of solar radiation through the ice are neglected, ÁT should approach 08C towards 100% ice concentration on a CT plot (Ohshima and others, 1998; Nihashi and others, 2005; Inoue and others, 2008) . However, ÁT was above zero even in almost completely ice-covered regions (e.g. ice concentrations of >90%). Heat advection from open-water areas is not a reasonable explanation for this increased ÁT (hereinafter ÁT-gain), because the ÁT was above zero even 100-1000 km from the Ice concentration derived from on-board ice-watch data and ÁT calculated from the CTD and XCTD data are spatially averaged using a 25 km running mean. The dashed curves are regression curves (linear with respect to 1/A i ) based on the observations. R and RMSE indicate the correlation coefficient and root-mean-square error, respectively. The solid curve is the same regression curve after subtracting the quantity (ÁT -gain Ai¼100% A i ), which we take as the warming caused by transmission of solar radiation through the ponded ice. ice edge. Vertical heat flux from below the mixed layer can also be neglected due to strong stratification during the Arctic summer. Thus, transmittance of solar radiation through ponded ice apparently affected ÁT-gain in largely ice-covered regions, consistent with the results of Inoue and others (2008) .
According to the analytic solution obtained by Ohshima and others (1998) , ÁT is inversely proportional to A i . In fact, CT plots from Ohshima and others (1998), Nihashi and others (2005) and Inoue and others (2008) show inverse proportionality. Thus, we applied simple regression lines (ÁT = /A i + ), similar to Inoue and others (2008) . The dashed curves in Figure 6 are regression curves based on the observations for each area. The total ÁT-gain is the sum of the contributions of heat from open water and ponded ice. ÁT-gain where the ice concentration is 100% (ÁT -gain Ai¼100% ) should be ÁT-gain only resulting from heat transmittance through ponded ice (ÁT i ). Therefore, ÁT-gain resulting from heat input through open water (ÁT o ) can be obtained by subtracting the ÁT -gain A i ¼100% , weighted by A i , from the total ÁT-gain. We note that the discussion here assumes that pond fraction and transmittance of ponded area does not change as A i decreases. The solid curves in Figure 6 are adjusted regression lines for ÁT o (ÁT-gain -ÁT-gain A i ¼100% A i ). The area enclosed between these two curves indicates the ÁT i induced by A i . In a specific example, to gain 0.0688C of ÁT when 90% of the area was covered by ponded ice, total ÁT-gain was partitioned into ÁT o = 0.038C and ÁT i = 0.0388C in Figure 6a . Although the contribution of ÁT o was the dominant heat source over most of the area, the role of ÁT i was considerable beneath largely ice-covered areas. The contribution of ÁT i to total ÁT-gain was greater than that of ÁT o where the ice concentration was more than 88%, 82%, 83% and 65%, for cases I, II, III and IV, respectively.
Even at the same ice concentrations, ÁT-gains were different between cases I, II, III and IV (Fig. 6) . The ÁT i was anomalously high in case IV (LSSL2007 FYI region). As these stations were far from the north of the ice margin (100-1000 km), heat input due to transmitted solar radiation through the ice rather than horizontal heat advection from open-water areas is a reasonable explanation for this ÁT i . We examine ÁT-gain more closely in section 5, using a simple ice-ocean coupled model.
From PS2007, only data from the 908 E section are shown in Figure 6 . Sections along 348 E and 608 E, in the Nansen Basin, also showed negative correlations in the CT plots, although ÁT-gain was higher than in case I. A possible explanation for this might be differences in solar radiation because of the timing of observations and/or the horizontal heat advection of Atlantic water from open water. As the number of stations in this area was so small, we did not include them in this study.
SIMPLE MODELS TO EVALUATE HEAT BALANCE OF ICE-UPPER-OCEAN COUPLED SYSTEM
In this section, we develop a simple model to examine the observed ice concentration and temperature relations, which is a consequence of the heat balance in the iceupper-ocean coupled system in the Arctic melting season.
A model without transmitted solar radiation through the ponded ice

Model description
As heat input into the ice-upper-ocean system mainly occurs in open water when the ice concentration is relatively low, we began by examining the observed CT plot using a simple ice-upper-ocean coupled model in which sea-ice bottom and lateral melting are caused only by the heat input through open water (as proposed by Ohshima and Nihashi (2005) and Inoue and others (2008) ). As shown in section 4, we separately evaluated the surface water heating caused by heat input through open-water areas (ÁT o ) and through ponded ice areas (ÁT i ), using simple regression curves applied to observed CT plots (Fig. 6 ). Here we briefly describe the model, schematically shown in Figure 7a . The upper ocean is represented simply by a mixed layer of thickness H with a uniform temperature, T, and salinity, S. Heat and water exchange with the ocean below the mixed layer are also assumed to be zero due to the strong stratification during the Arctic summer. The net heat flux to the ocean over the ice-covered area, A i , is assumed to be zero; thus, the surface net heat flux would only be supplied in the open-water area, 1 -A i . If sea-ice melting is caused by this heat input, the heat balance of the upper ocean can be given by
where F n is the incident solar flux at the surface, c w = 3990 J kg -1 K -1 is the heat capacity of sea water, w = 1026 kg m -3 and i = 900 kg m -3 are the densities of sea water and sea ice, respectively, L f is the latent heat of fusion for sea ice and t is time. We used a fixed value of L f = 0.316 MJ kg -1 , corresponding to a MYI salinity of 2 psu (Eicken and others, 1995) . The ice thickness, h, is defined as the average thickness, and o = 0.06 is the surface albedo of open water. We assume that sea ice melts at the bottom and lateral faces at a rate proportional to the difference between the water temperature and the freezing point (i.e. ÁT). We implicitly assume that the open water is well mixed with the water just beneath the ice. Bottom melting is parameterized as
where K b is the bulk heat transfer coefficient between ice and ocean. Lateral melting is parameterized in a similar way to Hibler (1979) , as
In this equation, h * is defined as an effective sea-ice thickness averaged over each of the gridcells, including the open-water fraction. Thus, h * can be regarded as the total ice volume per unit area. Note that the actual average ice thickness is h = h * /A i in this model. Using this model, we discuss the relationships between the ice fraction and the temperature above the freezing point. On the basis of in situ observations from the icebreakers, the surface mixed layer thickness, H, and initial sea-ice thickness, h 0 , were set to the values listed in Table 2 . The incident solar flux at the surface, F n , was set to one-third of the shortwave radiation at the top of the atmosphere for each area using Key's (2001) radiative transfer model, as a follow-on to the results of others (2005, 2008) . The F n averaged over the period from 5 days before observations began until the end of the observation period for the study area noted in Table 2 was used for model calculations, because 10-15 days corresponds to the convergence timescales of the model (Ohshima and others, 1998; Ohshima and Nihashi, 2005; Inoue and others, 2008) . The model values of F n are listed in Table 2 . Table 2 . Value of each parameter for simple ice-ocean model for PS2007, LSSL2006 and LSSL2007 (both MYI and FYI). F n is incident solar flux at the surface, h 0 is initial ice thickness, H is mixed-layer thickness, K b is heat transfer coefficient between ice and ocean, and i is solar radiation transmittance through ponded ice area. F n and wind speed data used in Figure 12 are averaged in the bottom row 
Results
The CT relationship converges asymptotically with a timescale of 10 days regardless of the initial conditions of A i and ÁT (Ohshima and others, 1998; Ohshima and Nihashi, 2005; Inoue and others, 2008) . ÁT is zero under completely ice-covered areas, because solar radiation transmittance through the ice is not treated in this model. Therefore, the modeled ÁT-gain is comparable to the analyzed ÁT o calculated from the linear regression curve shown by a solid curve in Figure 6 . The characteristics of the convergent curves are determined by parameters, F n , K b , h and H. Because h and H are observable parameters and F n can be obtained as described above, K b is the least-known parameter. The modeled CT relationship can be used to estimate the bulk heat transfer coefficient between ice and ocean, K b , by least-squares fitting the analyzed ÁT o . The blue curves with the values of K b noted in Figure 8 provided the best fit to the observed CT plots for cases I-IV. In section 5.1.1 we show that these derived values of K b seems to be physically reasonable. Using estimated values of K b , the modeled CT relationships agreed with the analyzed A i -ÁT o relationships (Fig. 8) , suggesting that the model can approximately describe the heat balance of the ice-upper-ocean system that includes only heat input through open water.
Here we briefly examine the dependence of the CT plots on the controlling factors, F n , K b , h and H. In a test case, F n , K b and H were set to 120 W m -2 , 2.0 Â 10 -5 m s -1 and 13 m, corresponding to typical summertime values in the Arctic. Initial ice thickness is set to 1.2 m. To examine the sensitivity of the calculated CT curve to variations in F n , K b , h and H, cases with these parameters halved and doubled are shown in Figure 9 . In regions with relatively high ice cover, the modeled curves are most sensitive to F n and K b . To examine the sensitivity of CT plots for cases I-IV to changes in F n , the results with F n changes by AE15 m -2 , approximately the variation of F n among our cases, are also plotted in Figure 8 . In regions with relatively high (>70%) ice cover, the resulting differences in ÁT were <0.18C. This is much smaller than the observed ÁT difference among cases I-IV, which was caused by both F n and K b differences. Thus, the observed ÁT difference is primarily due to K b . Figure 10 shows the ratio of heat used for ice melt to heat input into open water for cases I-IV in the model. The heat ratio also converges asymptotically, with a timescale of 10 days . This indicates that the distribution of upper-ocean heat between sea-ice melt and upper-ocean heating can be determined by ice concentration. In regions of relatively high (>70%) ice cover, the total heat input to open water is distributed 80-95% to ice melting and 5-20% to upper-ocean heating during the Arctic summer. Toole and others (2010) proposed that 76% of total heat into open water went to bottom melt, based on the result from a one-dimensional mixed-layer model, which is consistent with the observation by ITP and IMB from June to early September 2007. Over that observational period, ice concentration averaged $60%. Their result supports our estimation of heat balance between ice melting and ocean heating.
Bulk heat transfer coefficient in the ice-upperocean system, K b
The K b estimated by our model is a bulk heat transfer coefficient in the ice-upper-ocean system. However, McPhee (1992) and McPhee and others (2003) estimated Fig. 9 . Relationship between ice concentration and upper-ocean temperature above freezing, derived from the ice-ocean coupled model illustrated in Figure 7a . The solid black curve shows the base case with initial ice thickness set to 1.2 m, F n set to 120 W m -2 , and K b set to 2.0 Â 10 -5 m s -1
. Red, blue, yellow and green thick (thin) dotted curves indicate cases with F n , K b , h and H, respectively, doubled (halved) from the base case. , which is of the same order as that estimated in this study. Based on results from the Antarctic Ocean, Nihashi and Ohshima (2008) proposed that K b was proportional to the cubed or squared wind speed (friction velocity). Here we examine the relationship between the estimated K b listed in Table 3 , and wind speed in the Arctic Ocean.
K b can also be estimated based on data from ITP and IMB. Equation (4) can be obtained by canceling A i from Equation (2).
We used the ÁT averaged from 8 to 12 m during July and August for each ITP. Rates of bottom melt (dh/dt) were calculated from changes in ice flow depth over that period for each co-located IMB. Figure 11 shows the relationship between estimated K b and wind speed. The K b values are those estimated in this subsection for our four cases, along with those estimated above from the ITP/IMB data, and one additional estimate from Inoue and others (2008) . The mean wind speed (U w ) was calculated from 6 hourly, 10 m wind (U w ) from the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-analysis (ERA-Interim) over the areas given in Tables 2 and 3 , for the period from 5 days before observations began to the end of the observation period. The quantities U w 2 and U w 3 are the mean of U w 2 and U w 3 over the same area and time periods. K b and surface wind speed are positively correlated, consistent with the results from the Antarctic Ocean reported by Nihashi and Ohshima (2008) .
K b is more likely to be proportional to U w 2 and U w 3 rather than having a linear relationship with U w . Each of these correlation coefficients is significant at a level of 95%. These results indicate that upper-ocean heat can be used more for ice melting as wind speed increases if other parameters (F n , H and h) are constant. Unfortunately, only nine data points were obtained to describe the K b -surface-wind-speed relationship (Fig. 11) , so more observational evidence is needed for further discussion. However, it seems that our derived K b values for cases I-IV are at least realistic.
A model with transmitted solar radiation through ponded ice
Model description
In areas of high ice cover, heat input due to solar radiation through the ponded ice area is also effective in heating the upper ocean, as described in section 4. The model that includes this input is schematically shown in Figure 7b . We examined the effect of transmitted solar radiation through ponded ice on the sea-ice melting process by including additional terms related to these parameters in Equation (1), as proposed by Inoue and others (2008) : With this version of the model, the modeled ÁT is greater than 0, even for A i = 1, due to transmitted solar radiation through the ponded ice. The modeled CT relationship can be used to estimate solar radiation transmittance through the ice ( i ) by least-squares fitting the observed CT plots. Curves with the values of i noted in Figure 8 provide the best fit to the observed CT plots. In the FYI region (case IV), the estimated i was much larger than in the MYI region (cases I, II and III). 
Results
The model approximately describes the heat balance of the ice-upper-ocean system that includes heat input through ponded ice, as well as directly into open water (red curves in Fig. 8 ). Our results indicate that solar radiation transmittance through the ice is highly dependent on seaice thickness. The anomalously high ÁT in case IV can be explained by the large solar radiation transmittance through the ponded thin first-year ice. A possible explanation for the i differences among the MYI regions of cases I, II and III is the melting stage of sea ice (i.e. fraction and depth of melt ponds). Perovich (2005) estimated that the heat transmittance through ponded multi-year ice was 0.16 during the melt season, based on the sea-ice observations of a year-long field experiment (SHEBA). Inoue and others (2008) . These results are consistent with our estimation of transmittance through the ponded MYI region. There was no observation of solar radiation transmittance of thin first-year ice (h $ 0.7 m). However, transmittance of thinner ice would be larger than that of thick ice, because radiance in ice rapidly decreases with depth as shown by Perovich and others (1998).
Effects of transmitted solar radiation through ponded ice on the acceleration of sea-ice melting
Observed higher ÁT is a consequence of solar radiation transmittance through ponded ice, as suggested above. The evolution of ice concentration and ice thickness can be controlled by heat input through the ice as well as from open water. If a time integration is done using Equations (5), (2) and (3), the time evolution of ice concentration and ice thickness is obtained. Figure 12 shows the changes over time of ice thickness and ice concentration for three cases of ice solar radiation transmission. Solar radiation transmittance through the ice, i , is set at 0.0, 0.15 and 0.5. Initial ice concentration and ice thickness are set at 97% and 1.2 m, respectively. F n and K b were set at 120 W m -2 and 2.0 Â 10 -5 m s -1 , corresponding to typical summertime values in the Arctic.
In calculations including solar radiation transmitted through the ice, sea ice decayed rapidly. For thin first-year ice ( i = 0.5), both ice thickness and ice concentration decreased about three times as much as they did in multiyear ice ( i = 0.15). In contrast, in calculations without solar radiation transmission through the ice, the ice thickness and ice concentration hardly changed. As noted by Inoue and others (2008) , even in MYI regions ( i = 0.21) the amplification of ice-albedo feedback by transmitted solar radiation through ponded ice is significantly larger than that of warming perturbation caused by doubled CO 2 forcing. In thin FYI areas ( i = 0.5), this ice-albedo feedback is much stronger due to the larger heat input through the ice. (5), (2) and (3). Initial ice concentration and ice thickness are set at 97% and 1.2 m, respectively. F n and K b were set at 120 W m -2 and 2.0 Â 10 -5 m s -1 . Thick dotted curves denote the case without the effect of solar radiation transmittance through the ice ( i = 0.0). Thin solid and thick solid curves denote the cases with the effect of solar radiation transmittance through the ponded ice, calculated using i = 0.15 (corresponding to thick multi-year ice) and i = 0.5 (corresponding to thin first-year ice), respectively.
SUMMARY AND DISCUSSION
Sea-ice melting processes were inferred from in situ sea-ice and ocean condition data obtained during the Arctic research cruises of the CCGS Louis S. St-Laurent and R/V Polarstern in the summers of 2006 and 2007. We examined the relationships between ice concentrations observed by on-board ice watches and temperatures above freezing (ÁT) in the surface mixed layer obtained from CTD and XCTD data, because ice concentration and the ÁT relationship are consequences of the heat balance in the ice-upper-ocean coupled system, which is maintained by solar radiation, seaice melting, and heat storage in the ocean mixed layer. Using spatially averaged data (25 km), ice concentration and temperature plots (CT plots) showed negative correlations. This indicates that as ice concentration decreases, the upper ocean becomes warmer from higher absorption of solar radiation, which, in turn, further promotes ice melting (icealbedo feedback). Additionally, ÁT showed a positive bias when the region was almost completely ice-covered. This indicates that solar radiation transmittance through ponded ice affects upper-ocean warming, which promotes sea-ice melting, particularly in areas of high ice cover. Using simple regression curves applied to the observed CT plots, we separately evaluated the surface water heating caused by heat input through open water and by heat input through ponded ice. Heat input through ice was found to contribute more to ice melting than did heat input through open water when the ice concentration was more than 82-88% in MYI regions and 65% in FYI regions.
We developed a simple model to clarify the observed ice concentration and temperature relationships. The relationships between ice concentration and surface mixed-layer temperature derived from our model are consistent with the observed relationships. By comparing the observed CT plot and the model, the bulk heat transfer coefficient between ice and ocean (K b ) and transmitted solar radiation through the ice were estimated. The estimated K b increased with increasing wind speed. This result indicates that more of the total heat input into the upper ocean can be used for ice melting as wind speed increases. Substantial differences in transmission were found between first-year ice (h = 0.7 m) and multi-year ice (h = 1.2 m). Transmitted solar radiation through thin ponded first-year ice was estimated to be approximately three times larger than that through thick ponded multi-year ice. The time evolution of sea-ice decay calculated from the model suggested that solar radiation transmittance through ponded ice is amplified by the ice-albedo feedback mechanism, particularly in thin ice regions.
Over the past few decades Arctic sea-ice cover has decreased dramatically (Comiso and others, 2008) . Due to the large contrasts in albedo between sea ice (>0.6) and open water ($0.06), an increase in the open-water fraction enhances solar heat input to the upper ocean, which promotes ice melting. This ice-albedo feedback mechanism accelerates sea-ice decay in the Arctic Ocean (Perovich and others, 2007) . As well as open-water areas, in regions of high ice cover, ponded areas act as heat sources due to transmitted solar radiation. Recently, the extent of old and thick multi-year ice has been rapidly reduced (Maslanik and others, 2007; Kwok and Rothrock, 2009; Kwok and others, 2009) . As thin ice increases in the Arctic Ocean, the average solar radiation transmittance by ponded areas during the melting season will also increase, as suggested in this study. Thus, even if the extent of open water does not increase, heat input to the upper ocean will be enhanced and ice melt accelerated in an Arctic with an increasing seasonal ice zone area.
